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INTRODUCTION
Gut-microbiome composition is associated with multiple human health concerns including obesity (Zhang et al. 2009; Ley 2010) , diabetes (Wen et al. 2008; Vrieze et al. 2012) , inflammatory diseases (Tlaskalova-Hogenova et al. 2011 ) and cardiovascular disease (Ordovas and Mooser 2006; Kinross, Darzi and Nicholson 2011; Griffin, Wang and Stanley 2015) . These associations likely extend beyond humans, particularly to close human relatives (Erwin et al. 2002) . However, much of the research investigating the relationship between gut-microbiome composition and disease has been restricted to classic model organisms.
As the mechanistic links between the gut-microbiome community and cardiac disease are as yet unresolved (Griffin, Wang and Stanley 2015) , exploring these associations in close human relatives, such as in other primates, may provide novel insights into how gut-microbiome composition may affect health (Varki et al. 2009 ). For example, although cardiac disease appears common in both humans and captive populations of nonhuman primates, the pathology of human and primate heart disease appear to differ (Varki et al. 2009 ). This raises the question of if and how gut-microbial composition and cardiac disease will be associated in non-human primates.
As is the case in humans, cardiac disease is a leading cause of mortality in zoo-housed great apes (Munson and Montali 1990; Varki et al. 2009; Lowenstine, McManamon and Terio 2016) ; zoo-housed western lowland gorillas (Gorilla gorilla gorilla) have a 41% mortality rate due to fibrosing cardiomyopathy and left-ventricular cardiomyopathy (Lowenstine, McManamon and Terio 2016) . Assessing relationships between the gut-microbiome and cardiac disease in western lowland gorillas may provide information useful to improve zoo husbandry, and possibly reduce cardiac-disease-related mortality in this critically endangered species. In this study, we tested the hypothesis that the bacterial gut-microbiome composition is associated with cardiac disease in zoo-housed western lowland gorillas.
MATERIALS AND METHODS
We assessed associations between gut-microbiome composition and cardiac disease in zoo-housed western lowland gorillas using high-throughput sequencing of the 16S rRNA gene region of bacteria from fecal samples collected over a 4-week period from eight male, socially housed western lowland gorillas at Zoo Atlanta. This study was reviewed and approved by Zoo Atlanta's animal care and use committee. All animals were born in zoos, with the exception of a single wild-born animal brought into human care in 1961. Animals ranged in age from 11 to 52 years at the time of sample collection. The animals were managed under the same husbandry protocols including a diet of fresh vegetables and fruits, and commercially available biscuits formulated to meet the nutritional needs of apes (Mazuri L/S and Mazuri 5MA4). Alfalfa and browse were offered as dietary enrichment. The diets met the nutritional recommendations of the AZA Nutrition Advisory Group. Cardiac disease status was determined by means of ultrasound during routine veterinary procedures (Murphy et al. 2011) . All disease classifications were made based on cardiac ultrasound findings and none of the animals showed clinical signs of disease.
Fecal samples were collected by Zoo Atlanta animal care staff from June 9 to June 21 2013, one sample per week for each of the eight gorillas for a total of 32 samples. Samples were immediately transferred to a -20
• C freezer for storage until DNA extraction. We extracted DNA using a bead beating (2 × 40 s) and phenol chloroform extraction method (Burke et al. 2012) . We assessed bacterial composition of the fecal samples by sequencing the V4 of the 16S rRNA bacterial gene region utilizing Illumina MiSeq platform (University of Michigan's Center for Microbial Systems). We amplified each sample using the dual-indexing sequencing strategy (Kozich et al. 2013) . We describe the sequencing and sequence processing methods in the supplemental data. We used arcsin square-root-transformed OTU relative abundance from each sample for statistical analyses of beta diversity (McCune et al. 2002) . We used permutation-based analysis of variance (PERMANOVA; Oksanen et al. 2017) to test for differences in bacterial community composition between treatment groups (gorillas with and without cardiac disease), over time (four sample collection weeks) and the interactions between these predictor variables across individual gorillas (i.e. 4999 per- mutations were conducted within individuals). We used indicator species analyses (Roberts 2016) to determine which bacterial taxa contribute to the microbiome differences between gorillas with and without cardiac disease (α = 0.05). Indicator species analysis was conducted on the bacterial community excluding taxa found to be <1% maximum relative read abundance in at least one sample.
RESULTS AND DISCUSSION
Cardiac disease was significantly associated with microbiome composition in zoo-housed western lowland gorillas (PER-MANOVA; Table 1 ). However, microbial composition did vary temporally within individuals, and between individuals diagnosed with cardiac disease. Microbiome variation observed across individuals with cardiac disease may reflect individual differences in medical treatment (Fig. S1 , Supporting Information), while variation within individual gorillas' microbiome across the sampling time points (Table 1 ; Fig.S1 ) likely reflects variation in diet (i.e. changes in type or amount of food consumed). However, this time-associated variation did not affect the relationship between microbiome composition and cardiac disease status (Table 1) . Two of the gorillas with heart disease were treated with an angiotensin-converting enzyme inhibitor (enalapril) and a beta-andrenergic blocking agent (carvedilol). Additionally, one of these males was geriatric and received aspirin, celecoxib, a glucosamine and chondroitin supplement, tramadol, an equine probiotic, and gabapentin. The bacterial species composition of the probiotic was not found to contribute to microbial community differences between treatment groups (indicator species analyses). Future studies with larger sample sizes and broader sampling across institutions could investigate additional factors such as diet, medication, age and genetic relationships between individuals on the association between gut-associated bacterial microbiome and cardiac disease in the species. Although our current sample sizes are relatively small (N = 8) and should be confirmed with broader sampling in future studies, indicator species analyses revealed that OTUs from the phyla Proteobacteria (OTU 184; genus Ruminobacter), Bacteroidetes (OTU 119), Spirochaetes (OTU 6; genus Treponema) and Firmicutes (OTU 188; family Mogibacteriaceae) were significant indicators of gorilla cardiac disease while other OTUs of the phyla Bacteroidetes, Firmicutes, Tenericutes and Spirochaetes were significant indicators of gorillas without cardiac disease (Fig. 1) . A recent study assessing the relationships between the gut-associated bacterial microbiome and cardiac disease in humans found greater proportions of sequence reads classified as phyla Bacteroidetes, Firmicutes and Fusobacteria in patients with cardiac disease than in patients identified as healthy controls, while sequence reads identified as Proteobacteria were reduced in cardiac disease patients (Cui et al. 2017 ). While not directly comparable due to differing laboratory methodologies, our gorilla dataset did not reveal similar patterns in relative proportions of reads across these four phyla. Similar proportions of sequence reads classified as Bacteroidetes in gorillas with and without cardiac disease (20.6% and 21.6%, respectively). We found an average of 22.6% of sequence reads classified as Firmicutes in gorillas with cardiac disease, and 25.8% for gorillas without cardiac disease. Both Proteobacteria and Fusobacteria represented an average of <1% of total reads from gorillas with and without cardiac disease.
Taxa of the genus Treponema comprised up to 15.8% of the zoo-housed western lowland gorilla's gut microbiome in our study. Treponema spp. have been reported to constitute up to 27.4% of the microbiome in wild western lowland gorillas (Bittar et al. 2014) , though comparisons of Treponema spp. abundances between the studies must be viewed with caution due to the differing laboratory methodologies. Yaws disease, a skin disease caused by Treponema pertenue, has been described in wild western lowland gorillas (Levrero et al. 2007 ) but has not been reported in Gorilla beringei (Rushmore et al. 2015) . Clinical disease has not been associated with Treponema spp. in gorillas under human care. Additional work is needed to determine absolute abundances of the Treponema spp. in gorillas across institutions as well as to identify the Treponema species present in zoo-housed gorillas, as some species are non-pathogenic (Kinyon and Harris 1979) . Recent studies of Treponema sp. presence in humans suggest a recent evolutionary exclusion of the taxa in post-industrial western societies. Functional profiles of Treponema sp. from Hadza hunter gatherers indicate that the taxon is important for the processing of complex polysaccharides found in the diet of this hunter-gatherer society, whereas the diet of western societies may have benefited from the acquisition of Bifidobacterium, a bacteria associated with the processing of gluco and galacto-based saccharides (Soverini et al. 2016) . If relative abundances of Treponema spp. observed in zoo-housed western lowland gorillas are indeed less than what are found in their wild counterparts, this decrease in Treponema in the gutassociated community of zoo-housed gorillas may indicate that the prescribed diet is selecting for a microbial community less dependent on the functions provided by Treponema. Further assessment of how environmental factors, including diet, influence the relative abundance of Treponema and microbial community function between wild and zoo-housed western lowland gorillas will be a critical area of research to improve human care of the species.
Our results indicate that associations likely exist between cardiac disease and the gut microbiome of zoo-housed western lowland gorillas. Additional studies are warranted to determine if these patterns hold across facilities and diets, and if the gut microbiome changes with progression of disease and/or medical treatment. Improved understanding of the influence diet and management have on great ape gut microbiomes may provide ways to prevent cardiac disease, and therefore aid conservation efforts for the species. laboratory facilities, Hayley Murphy, Sarah Kyker, Kristen Lukas, and Mandi Schook for their helpful comments on the project and manuscript. We thank the team of the Great Ape Heart Project for their work in identifying and categorizing the cardiac status of these gorillas. We thank Judith Opp, Harriette Carrington and April Cockburn from University of Michigan's Center for Microbial Systems for their assistance with high-throughput sequencing of our samples.
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